Human striated muscle samples, from male control and Duchenne Muscular Dystrophy (DMD)-affected children, have been subjected to cluster-time-of-flight secondary ion mass spectrometry (cluster-ToF-SIMS) imaging, using a 25 keV Bi 3 + liquid metal ion gun, under static SIMS conditions. Spectra and ion density maps, or secondary ion images, have been acquired in both positive and negative ion mode over several areas of 500 x 500 µm 2 (image resolution 256 x 256 pixels). Characteristic distributions of various lipids have been observed.
Introduction
First described by the French doctor Duchenne de Boulogne in the XIX th century, Duchenne muscular dystrophy (DMD) is a severe degenerative genetic disease. Almost exclusively male children develop this myopathy, with an estimation of 1 in 3 500 boys worldwide (1) . This X-linked recessive pathology is induced by absence of expression or by truncation of dystrophin, a 427 kDa cytoskeletal protein involved in a transmembrane noncovalent complex of more than 20 proteins. The lack of dystrophin causes a rapid progression of skeletal, smooth and cardiac muscles degeneration. Result then, already from the age of 2 or 3, bad posture, unsteady gait, difficulty in standing, walking or climbing stairs. A rolling chair is necessary around 10 to 12 years old and patients inexorably die around the age of 25-30.
Dystrophin deficiency hampers the formation of an essential transmembrane complex in charge of the integrity of muscle cell walls. This results in muscle cell membranes malfunctioning and permeability, alteration of the ion drifts through the membrane (e.g. calcium), but also in oxidation stress. Diagnoses are mainly based on analyses of creatin kinase level in the serum and electromyograms associated to biopsies or genetic tests. Among the therapies used to decelerate the damages caused by the disease, are found dystrophinassociated drug design, gene and cell therapies or utrophin-associated therapies (2) . Up to date, there is unfortunately no cure for DMD yet.
This last decade, research has been going on using different animal models (mice, dogs, cats, drosophila and Caenorabditis worms) to get a better understanding of this lethal pathology mechanisms. The dog model, closest to human, is rare and expensive and, although cheaper and more accessible, drosophila and Caenorabditis worms phenotypes are too different from the human one. The most spread model is the mdx (X-linked muscular dystrophy) mouse, developing an unusually high concentration of creatin and pyruvate kinases (3) . The three advantages of the mdx mouse model are relatively low cost, good availability and relatively short lifetime.
To gain more insight on Duchenne muscular dystrophy, our group has previously carried out investigations on an mdx mouse leg muscle. Matrix-Assisted Laser Desorption IonizationTime-Of-Flight (MALDI-TOF) profiling (4) and cluster-Time-of-Flight Secondary Ion Mass Spectrometry (cluster-ToF-SIMS) imaging (5) have been performed on 3 weeks old mdx mice, as well as on control (nxlt) and dystrophic (xlt) mice myoblast cell cultures. These studies allowed distinguishing three regions in the mdx mouse leg: a severely damaged region, a second one degenerating and undergoing oxidative stress and phosphatidylinositol cycle deregulation and a third one that was found stable.
Concerning ToF-SIMS, its input is continuously expanding in the field of lipidomics and drugs/biomarkers mapping on biological tissues at a micrometer scale (6) . ToF-SIMS imaging has the major advantage, over alternative methods, of allowing direct and simultaneous collection of mass spectra and ion images. Retrieval of molecular composition and individual compound localization on a tissue section, at micrometer scale and without the need of any prior sample treatment, makes then the analyses easier, more straightforward and the closest possible to the physiological conditions. Recent innovations, such as Bismuth (Bi 3 + ) primary ion cluster sources (7) , have tremendously enhanced the secondary ion emission yield of larger secondary ions. This development extended the capabilities of the method, rendering this approach particularly attractive and suitable for the investigation of biological tissues (8, 9, 10, 11, 12, 13, 14, 15, 16) .
In order to validate the coupling of the ToF-SIMS imaging methodology, together with the mdx mouse model, as a suitable approach for research on the human pathology, we here report on first results obtained on human striated muscle sections and compare them to the previous outcomes on the mdx mouse. Therefore cluster-ToF-SIMS imaging has been used to map and characterize the molecular distribution in human control and dystrophic muscle tissue sections. Mass spectra revealed differences in the distribution of fatty acids, phospholipids, di- 
Materials and Methods
Surgery residues of human paravertebral striated muscles, from male control and DMDaffected 12 to 14 years old children were provided by the "Banque de Tissus pour la
Recherche" (BTR, Institut de Myologie Hôpital de la Pitié-Salpêtrière, 83 boulevard de l Hôpital, 75013 Paris) after approval of the project.
Histological staining
10 µm thick sections were cut at -20°C in a CM3050-S cryostat (Leica Mycrosystèmes SA, Rueil-Malmaison, France) and immediately deposited onto a glass plate then stored at -80°C
for histological staining. The dystrophic appearance of the human paravertebral striated muscle was studied with Masson's trichrome staining (Sigma kit No. HT15) to visualize muscle fibers (in red), connective tissue and collagen (colored by the aniline blue).
Histological images were taken with a DMRXA2 microscope (Leica Mycrosystèmes SA, Rueil-Malmaison, France).
Sample preparation for cluster-ToF-SIMS Imaging
Cryostat sections (20 µm) were prepared, placed on glass plates and briefly stored at -80°C.
Immediately before analyses, samples were dried under a few millibars pressure for 30 minutes, without any further treatment. Then, images were recorded with an Olympus BX51 microscope (Rungis, France) equipped with 1.25x to 50x lenses and a Color View I camera (Soft Imaging System) monitored by the Olympus DP Soft software.
ToF-SIMS data acquisition and processing
All experiments were performed on a commercial ToF-SIMS IV (ION-TOF GmbH, Münster, Germany) reflectron-ToF mass spectrometer located at the French "Institut de Chimie des Substances Naturelles" in Gif-sur-Yvette, France. The instrument was fitted with a bismuth (Bi 3 + ) cluster ion source at a 45° incidence angle. The primary ion dose density was 2 x 10 11 ions/cm 2 for each ion mode, with a 150 µs cycle time and a 0.27 pA measured pulsed current.
The ion column focusing mode ensured both a 1-2 µm beam focus and a high mass resolution, which is a prerequisite for accurate mass measurements and assignments. A low-energy electron flood gun neutralized the surface during analysis. The secondary ions were first extracted with a 2 keV kinetic energy, had an effective ion flight path of ~2m and were then post-accelerated to 10 keV before hitting the detector surface. The sample surface was directly observable through an integrated video camera. Positive and negative secondary ion images, obtained with IonImage software, had a field of view of 500 x 500 µm 2 (256 x 256 pixels). Images were compressed during data processing to 128 x 128 pixels to increase the contrast, leading to a final lateral resolution of 4 µm. For more clarity, images were also averaged and rescaled. To ensure the correct localization on each spot, a thorough examination was performed for each compound: an image was generated for each peak of the isotopic distribution of the compound (i.e. for the 12 C atoms containing peak, for the 13 C 1 containing peak and for the peak containing two 13 C). These images were then matched and summed to obtain the final compound image. However, in cases like PC34:2 (see section isotopic correction for details), only the first two images were summed. Subsequently,
Regions Of Interest (ROIs) were manually selected and the corresponding mass spectra were extracted to obtain local information. These selected regions may have different areas.
Therefore, and for a proper comparison, the spectrum corresponding to each ROI needed to be normalized against the area of the smallest one. In the following, the selected cells, intercellular and damaged areas are characteristic of all the different types of cells, intercellular and damaged areas contained in the analyzed sections.
Calibration and mass assignments
The method was the same as in reference (5 
Calculation of lipid intensity ratios with isotopic correction
In this report, the intensity refers to the area of the ion peak in the corresponding mass spectrum. Large mass lipids, e.g. phosphatidylcholines (PCs), contain an important number of carbons. Therefore, the positive ion mode PC34:2 signal is composed of 60.7 % monoisotopic peak (m/z 758.6), 29.5 % of 13 C 1 containing ions (m/z 759.6) and 8 % with two 13 C (m/z 760.6). This latter peak contributes thus to the intensity of the PC34:1 monoisotopic peak at m/z 760.6. Besides, the emission yields and detection efficiencies for compounds of the same family and close molecular weight are considered equivalent (18) . Hence, when calculating phosphatidylcholines intensity ratios the isotopic contribution correction has been applied. For the sake of precision, the calculation of the fatty acids intensity ratios, in negative ion mode, was also performed taking into account this same correction. 
Ratios definition
R
Results
We investigated human striated muscle originating from surgery residues of one control (12 years old) and two distinct DMD-affected (13 and 14 years old) children. Four cryosections from the control and two sections from each DMD-affected muscle were selected. On each section, 2 to 6 zones were subjected to ToF-SIMS imaging. These 33 ToF-SIMS analyzed zones (13 control and 20 dystrophic) will be referred to as spots, in the following, for more clarity. 
ToF-SIMS spectrum from a control muscle section
A control human striated muscle has first been analyzed by ToF-SIMS imaging (e.g. spot 1, The value of ratio R 1 , for the whole spot 2, was 1.27 (see Table I: DMD section 1), in accordance again with the mdx mouse model. However, the mass spectra ( Fig. 5B ) corresponding to the selected ROIs (Fig. 5A, right) , and the R 1 values of the different ROIs reported in Fig. 5C showed that the cells were not fully identical, in terms of PCs composition, over this zone. Indeed, the small cells (blue ROI) exhibited a R 1 ratio value of 1.26. However, the larger cells split in two: some cells (in red) generated a ratio value of 1.21, similarly to the small ones, while others (in green) gave an R 1 ratio value of 1.42. The large cells delimited by the green ROI then presented a PCs composition similar to that of the healthy tissue, whereas the intercellular space (R 1 =0.71) behaved like a regeneration zone.
The big cells in the red ROI and the small cells in the blue ROI appeared to be in an intermediate state.
The second characteristic region of the DMD-affected human muscle is typified by spot 3 (Fig. 1B) . The R 1 global ratio value for this spot was determined to be 1.13 (Table I: In the mass spectrum of the blue ROI (adipocytes), the signal-to-noise ratio was not sufficient to determine the R 1 ratio. Thus, in the DMD spot 3, the relatively ordered cells exhibit a similar behavior to that of the control zones in the mdx mouse model. On the other hand, the damaged area generated a R 1 value of 0.83, corresponding to that of the intercellular region of the DMD spot 2 and to the green cell of the control spot 1. Similarly to the destructured (regenerating) zone in the mdx mouse model, these ratio values were lower than 1.This could denote an intensive regenerating activity and not degeneration, as could be expected from the color, aspect and absence of fascicles on the microscope image of spot 3. Besides, when compared to spot 2, the lower R 1 ratio produced by the cells of spot 3 indicates also that these cell PCs have incorporated less C18:2, as observed previously in DMD-affected human muscles (21, 22) . This also means that spot 2 is in a more stable state than spot 3 and confirms the pseudo-healthy nature of spot 2.
The reproducibility of these results was verified on different sections of the same (control and dystrophic) surgery residues and their reliability was validated on sections of a second dystrophin deficient child surgery residue. Table I An additional striking feature is the generally high level of C18:2 in the control human muscle (Fig. 7B) . In Table III , an average value of 0.98 ± 0.18 has been calculated for the R 3 (C18:1/C18:2) ratios in the control samples, while it reached 1.96 ± 0.44 for the dystrophic muscles. Hence, this ratio might also be an indicator of the DMD disease, since the control average R 3 is twice smaller than the dystrophic one. Moreover, the most structured spots in the DMD tissue sections also exhibited a relatively low C18:1/C18:2 ratio value (1.09 and 1.20, spots 1 of DMD sections 3 and 4, respectively), corroborating the healthier state of the cells in these areas.
ToF-SIMS imaging of phosphatidylinositols and triglycerides
In the negative ion mode, Touboul et al. MALDI conditions, the intensity ratio of the ions at m/z 758.6 over 760.6 was found to be bigger than 1 in the pseudo-healthy area of the mdx mouse muscle and smaller than 1 in its destructured area. Healthy and dystrophic mdx mouse cultured cells exhibited a ratio value greater than 1 at the stage of myoblasts and smaller than 1 after cell fusion in myotubes. This suggested that the destructured areas in the mdx muscle were actually undergoing a regeneration process rather than degeneration. Likewise, ToF-SIMS spectra on mdx mouse leg tissue sections also revealed PCs as most abundant species in the region m/z 700-850 (5).
However, the poor contrast of the ToF-SIMS images of intact PCs did not provide spatial information, thus the composition modification revealed by MALDI-TOF could not be confirmed. Earlier studies (21, 22) have also shown that membrane PCs of the human dystrophic muscle incorporated less C18:2 fatty acyl chains than the healthy one, but more C18:1 and C18:0.
Although the experiments have been performed with different samples and methods, i.e.
mouse by MALDI-TOF and human by ToF-SIMS, the analyses can be qualitatively compared. Indeed, the control samples exhibited generally a R 1 ratio almost twice bigger than the DMD-affected samples and the regenerating areas generated lower ratios. Thus, these ratios followed the same trends as in the mdx mouse model, where ratio values were bigger than 1 for the control zones but smaller than 1 for the destructured (regenerating) areas. As an example, Fig. 8 depicts the images of selected ions and their accumulation over spot 3. These images reveal that, in the DMD-affected muscle, the typical PCs fragments colocalize with the parent species PC34:2 and PC34:1 (Fig. 8B ) concentrated mainly in the dystrophic damaged region, as mentioned above. The specific localization and the absence of these phosphocholine species in the adipocytes and between the cells, where the low PC concentration is known, confirmed that our sample treatment did not induce any significant molecular delocalization.
Phosphatidylcholines, Cholesterol and Sphingomyelin colocalization
Cholesterol is a versatile essential membrane component involved in steroid hormones production and cell signaling (38) , membrane structure and function (39) and the dysfunctioning of ceramide-mediated apoptosis pathway induces high levels of sphingomyelin (43) . Ceramides (SM derivatives) are vital signaling substances for tumors, forming SM-rich vesicles, and responsible for their proliferation and survival (44) . Besides, it has been previously shown that phospholipase C activity increases in dystrophic mouse muscle together with an increase of sphingomyelin and triglycerides (21, 45, 46) . This enzyme converts phosphatidylcholine species into diglycerides and phosphocholine, both precursors of sphingomyelin and triglyceride biosynthesis (47, 48) . Cholesterol and SMs colocalization in the dystrophic muscle are in agreement with the literature reports on human samples (27) and support our peak assignments. Yet, this is at odds with the mdx mouse data where cholesterol mainly accumulated in the degenerating region together with vitamin E. Additionally, control samples displayed, in positive ion mode, cholesterol peaks with a much lower intensity than vitamin E signals (Fig. 3) , whereas DMDaffected sections exhibited a similar or higher intensity for cholesterol signal than for vitamin E (data not shown). This is also consistent with previous findings on dystrophic muscles (51, 52, 53) . Cholesterol, PCs and SMs colocalization, associated with a much higher proportion of cholesterol, might, therefore, suggest a tentative regulation and/or regeneration behavior of these highly damaged regions in the human DMD-affected muscles.
Fatty acyl chains composition changes
ToF-SIMS analyses of the mdx mouse muscle (5) revealed a calculated C18:0/C18:1 ratio value 6 to 7 times higher in the regenerating area than in the degenerating and control ones. In human samples, this ratio was only 1.5 times higher in the control spots than in the dystrophic ones (0.77 and 0.54, respectively). Besides, in studies on mouse lipid fractions, a C18:2/C18:1 ratio value of 1.3 has been reported for both healthy and predominantly nondestructured dystrophic myofilaments (52) . As mentioned earlier, this is most probably due to the significantly low amount of destructured fibers, adipose and connective tissues in the dystrophic mouse muscle (1) . Similarly, a lower incorporation of C18:2 in phosphatidylcholines has been observed in human dystrophic muscles, compared to healthy ones, together with an increased level of C18:1 and C18:0 (21, 22) . The variation of fatty acid composition between the different areas revealed by the present study can be interpreted as an attempt to stabilize the dystrophic cells, since incorporation of saturated fatty acids in cell wall phospholipids reduces membrane flexibility. By contrast to the cells, the more damaged zones of the DMD tissues showed an increased relative abundance of monounsaturated fatty acids (C18:1) as deduced from lower R 2 and higher R 3 ratio values. Concerning the arachidonic acid carboxylate ions (C20:4), the distribution was found maximal in the degenerating zone. This fatty acid is, among others, a prostaglandin precursor that can accumulate in dystrophin deficient muscles during inflammation.
Phosphatidylinositols
The reduced relative abundance of the PI36:2 and PI36:1 compounds (m/z 861.6 and 863.6, respectively), with regards to the control tissue (Fig. 7C ), might already hint at an increase of phospholipase activity in the DMD-affected muscle cells. PIs cycle rate is known to be reduced in dystrophic muscle cells, inducing a high local phospholipases A 2 , C and D activity (54,55). As mentioned above, the decrease of PIs is accompanied by an increase of triglycerides and sphingomyelin, supporting the hypothesis of the enhanced phospholipase C activity. This increased activity is thought to be induced by the high concentration of intracellular calcium.
Conclusion
In summary, cluster-ToF-SIMS imaging allowed us to directly and relatively rapidly probe intact biological tissue sections with a complete preservation of the sample molecular and structural integrity, a simultaneous analysis of different morphological regions at a micrometer scale and a high molecular specificity and sensitivity without any prior preparation procedure. The specific localization of the different compounds in the positive ion mode imaging and its confirmation in the negative ion mode demonstrated the absence of any molecular delocalization at the micrometer scale on the samples. Moreover, the association of the mass spectra with images was highly useful, providing, on the one hand, molecular composition even when the image contrast was low and, on the other hand, the spatial localization even with a low signal-to-noise ratio. ToF-SIMS imaging thus gives a considerable amount of information on the local molecular composition within tissues or organs, and can be recognized as a powerful approach for localized lipidomics studies. The method emerges as a promising and highly valuable indicator of the disturbance of regulation processes, like alteration of phospholipid incorporation or lipases dysfunctioning, paving the way for substantial assistance in drug-design studies or specific inhibitors development. Figure 9 
